Krüppel acts as a gap gene regulating expression of hunchback and even-skipped in the intermediate germ cricket Gryllus bimaculatus  by Mito, Taro et al.
94 (2006) 471–481
www.elsevier.com/locate/ydbioDevelopmental Biology 2Krüppel acts as a gap gene regulating expression of hunchback and
even-skipped in the intermediate germ cricket Gryllus bimaculatus
Taro Mito, Haruko Okamoto, Wakako Shinahara, Yohei Shinmyo, Katsuyuki Miyawaki,
Hideyo Ohuchi, Sumihare Noji ⁎
Department of Biological Science and Technology, Faculty of Engineering, The University of Tokushima,
2-1 Minami-Jyosanjima-cho, Tokushima City 770-8506, Japan
Received in publication 25 August 2005, revised 22 December 2005, accepted 27 December 2005
Available online 17 April 2006Abstract
In Drosophila, a long germ insect, segmentation occurs simultaneously across the entire body. In contrast, in short and intermediate germ
insects, the anterior segments are specified during the blastoderm stage, while the remaining posterior segments are specified during later stages. In
Drosophila embryos, the transcriptional factors coded by gap genes, such as Krüppel, diffuse in the syncytial environment and regulate the
expression of other gap, pair-rule, and Hox genes. To understand the segmentation mechanisms in short and intermediate germ insects, we
investigated the role of Kr ortholog (Gb'Kr) in the development of the intermediate germ insect Gryllus bimaculatus. We found that Gb'Kr is
expressed in a gap pattern in the prospective thoracic region after cellularization of the embryo. To determine the function of Gb'Kr in
segmentation, we analyzed knockdown phenotypes using RNA interference (RNAi). Gb'Kr RNAi depletion resulted in a gap phenotype in which
the posterior of the first thoracic through seventh abdominal segments were deleted. Analysis of the expression patterns of Hox genes in Gb'Kr
RNAi embryos indicated that regulatory relationships between Hox genes and Kr in Gryllus differ from those in Oncopeltus, another intermediate
germ insect. Furthermore, we found that Gb'Kr regulates expression minimally of hunchback and even-skipped, directly or indirectly, in the
prospective thoracic region. Our findings suggest that Gb'Kr is a gap gene that acts in the cellular environment and is required for segmentation in
the thoracic and abdominal regions through the regulation of gap and pair-rule gene expression.
© 2006 Elsevier Inc. All rights reserved.Keywords: Gryllus bimaculatus; Intermediate germ; Gap gene; Krüppel; RNAi; SegmentationIntroduction
Most insects develop as short or intermediate germ embryos,
where only the anterior segments are specified almost
simultaneously during the blastoderm stage. The remaining
more posterior segments are formed later successively, from
anterior to posterior. In contrast, long germ insects specify all
segments simultaneously during the blastoderm stage. Since the
short and intermediate germ modes are found in diverse and
phylogenetically basal groups of insects, ancestral insect
embryogenesis probably resembled short or intermediate germ
embryogenesis (Davis and Patel, 2002; Tautz et al., 1994).⁎ Corresponding author. Fax: +81 88 656 9074.
E-mail address: noji@bio.tokushima-u.ac.jp (S. Noji).
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doi:10.1016/j.ydbio.2005.12.057The molecular mechanisms of segmentation are well
understood in the long germ insect Drosophila melanogaster
(Pankratz and Jackle, 1990). Here, maternal gradients provide
information to define positions along the anteroposterior axis of
the syncytial embryo. Maternal gradients of Bicoid, Hunchback,
and Caudal proteins, along with Torso activity in the terminal
region, are required for activation of zygotic gap genes in broad
domains. Gap gene products in turn diffuse and produce
overlapping short-range gradients (Hülskamp and Tautz, 1991;
Rivera-Pomar and Jäckle, 1996). These short-range gradients
then serve to regulate the expression of primary pair-rule genes
in stripes of a two-segment periodicity (Klingler and Tautz,
1999; Small and Levine, 1991). Gap gene products also provide
positional information for the expression of Hox genes, which
assign identities to the specified segments (McGinnis and
Krumlauf, 1992).
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blastoderm occurs relatively early (Ho et al., 1997; Sarashina et al.,
2005), so that the orthologs of gap genes in these insects often
appear to be active in a cellularized environment (e.g. Bucher and
Klingler, 2004; Liu and Kaufman, 2004; Mito et al., 2005). Thus,
the gap gene orthologs of short and intermediate germ insects may
act in a different manner from those in the Drosophila syncytial
embryo. Thus, elucidating the functions of the gap genes in short or
intermediate germ insects would provide crucial clues to clarify the
molecular segmentation mechanisms in these insects.
The cricket,Gryllus bimaculatus, is an intermediate germ insect
well suited for functional analysis by RNA interference (RNAi)
(Miyawaki et al., 2004; Shinmyo et al., 2005; Mito et al., 2005). To
date, a number of its segmentation genes have been examined.
Orthologs of the segment polarity genes, wingless and hedgehog,
are expressed in similar stripe patterns in Gryllus and Drosophila,
suggesting that their functions in segment patterning are conserved
(Niwa et al., 2000; Miyawaki et al., 2004). The functions of more
upstream factors in Gryllus segmentation, however, apparently
differ from those inDrosophila segmentation. TheGryllus ortholog
of the caudal gene (Gb'cad) appears to play a more prominent role
in anterior segmentation than in Drosophila, affecting the
expression of the gap gene orthologs, Gryllus hunchback and
Krüppel (Shinmyo et al., 2005). Additionally, unlike the situation in
Drosophila, Wingless/Armadillo signaling has been shown to play
a role in the posterior segmentation inGryllus possibly through the
regulation ofGb'cad expression (Miyawaki et al., 2004; Shinmyo et
al., 2005). Furthermore, Gryllus hunchback has been shown to
function in a non-canonical manner in segment patterning (Mito et
al., 2005).
In the present study, we focused on Krüppel (Kr), a Drosophila
gap gene.DrosophilaKr encodes a transcription factor that contains
four zinc-finger motifs and is required for formation of central
segments of the embryo (Gaul et al., 1989; Rosenberg et al., 1986).
Null alleles of Kr result in a canonical gap phenotype that lacks the
first thoracic through fourth abdominal segments, and the fifth
abdominal segment is partially deleted (Gloor, 1950; Wieschaus et
al., 1984). In the intermediate germ insect,Oncopeltus fasciatus,Kr
has been also reported to act as a gap gene for formation of the
second thoracic through fourth abdominal segments, despite
divergent embryogenesis in Oncopeltus and Drosophila (Liu and
Kaufman, 2004). However, in the short germ insect, Tribolium
castaneum,Kr appears to function differently fromDrosophila and
Oncopeltus Kr because its mutation does not result in deletion in
thoracic and anterior abdominal segments but display a homeotic
transformation in these segments (Bucher et al., 2002; Sulston and
Anderson, 1996). Thus, the function of Kr gene apparently varies
among insect species.
To gain insights into the evolution of Kr functions and
segmentation mechanisms in insects, we have investigated the
roles of the Kr ortholog in G. bimaculatus, the most basal insect
in which Kr function has yet been investigated. We examined its
expression patterns during embryogenesis and analyzed its
functions using RNAi depletion. We found that Gryllus Kr
(Gb'Kr) is a gap gene that acts in the cellular environment and is
required for segment patterning in the thoracic and abdominal
regions through regulation minimally of the expression ofGryllus hunchback and even-skipped. Based on results of our
RNAi analyses, we propose a model for the regulatory network
between Kr and other segmentation genes in Gryllus.
Materials and methods
Whole-mount in situ hybridization
Standard protocols were used for whole-mount in situ hybridization with a
digoxigenin (DIG)-labeled antisense RNA probe, as previously described (Niwa
et al., 2000). In situ hybridization for double staining was done as previously
described (Mito et al., 2005).
RNAi
Wesynthesized double-strandedRNA (dsRNA) forGb'Kr andDsRed2 using the
MEGA-script Kit (Ambion) and used PCR fragments as the template for in vitro
transcription as previously described (Miyawaki et al., 2004; Mito et al., 2005). The
PCR fragments were amplified using upstream and downstream primers that
contained the T7 promoter sequence. The final concentration of dsRNAwas adjusted
to 20 μM for the Gb'Kr dsRNA (267 bp, spanning the Type 1 to 3 zinc fingers) and
the DsRed2 dsRNA (660 bp, derived from the pDsRed2-N1 (Clontech)). The
DsRed2 dsRNAwas used for negative control experiments. For parental RNAi, we
injected a 0.6μl dsRNA solution into beneath the joint of the coxa of the T3 leg of an
adult female cricket. Fifteen injected females were mated with untreated males, and
the eggs were collected from 5 to 10 days after injection.
Results
Expression patterns of Gryllus Krüppel during embryogenesis
We isolated a fragment of the gap gene ortholog Gryllus
Krüppel (Gb'Kr), which encodes the Type 1 to 3 zinc fingers and
part of the Type 4 zinc finger of the five zinc fingers (Types 1–5)
in Drosophila Kr (Rosenberg et al., 1986; Mito et al., 2005). At
30 h after egg laying (hAEL),Gb'Kr is expressed in the posterior
region of the germ anlage (Fig. 1A). At 32 hAEL, the Gb'Kr
expression domain shows a band pattern with an anterior to
posterior gradient in the posterior one-third of the embryo (Fig.
1B). At 38 hAEL,Gb'Kr is expressed in a gap-like domain in the
middle region of the embryo (Fig. 1C). The Gb'Kr gap domain
corresponds to the posterior labial segment through the third
thoracic segment, as shown by double staining with Gryllus
wingless (Gb'wg) (Fig. 1D). The gap domain of Gb'hb
corresponds to the mandibular segment through the anterior of
the labial segment (Mito et al., 2005). Thus, the gap domains of
Gb'Kr and Gb'hb are adjacent. By 40 hAEL, Gb'Kr expression
appears in the anterior head region (Fig. 1D), changing
dynamically into a complex pattern (Fig. 1E). In the early
germbands, Gb'Kr expression in the underlying mesoderm, in
addition to the ectodermal expression, initiates in the gap domain
and expands anteriorly, increasing its intensity (Figs. 1E, F).
This anterior expansion of the mesodermal expression is finally
covers the mandibular segment (Fig. 1G). During germband
elongation, Gb'Kr is also expressed in the mesoderm of the
extending posterior region in a segmentally reiterated pattern
progressing from the anterior to the posterior (Fig. 1G). The Kr
mesodermal expression seems to be conserved in other insect
species ever examined (Gaul et al., 1987; Sommer and Tautz,
1991; Liu and Kaufman, 2004). After the germband finishes
Fig. 1. Expression ofGb'Kr during embryogenesis. Expression patterns ofGb'Kr at 30 (A), 32 (B), 38 (C), 40 (D), 46 (E), 52 (F), 60 (G), 96 (H), and 120 (I) hAEL. (D)
Germband double stained for Gb'Kr (blue) and Gb'wg (brown). Mn, mandibular segment; Mx, maxillary segment; Lb, labial segment; T1–3, first to third thoracic
segments. Scale bar: 200 μm.
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sing from the anterior to the posterior (Figs. 1H, I), consistently
with described Kr expression in the developing nervous system
ofDrosophila (Gaul et al., 1987; Isshiki et al., 2001). The neural-
like expression appears to be also shared with Oncopeltus (Liu
and Kaufman, 2004).
Gb'Kr RNAi phenotype
To determine the function of Gb'Kr during embryogenesis,
we used RNAi to reduce Gb'Kr activity and analyzed the
knockdown phenotypes. We previously reported that, in
Gryllus, the parental RNAi generates knockdown phenotypes
(Mito et al., 2005). Parental RNAi for Gb'Kr resulted in
embryos that ranged in phenotypic severity from strongly
affected to wild type (Table 1). We categorized the embryos into
three phenotypic classes based on embryo morphology. In the
mild phenotypic class (class III) embryos, a few abdominal
segments are deleted and the third thoracic segment (T3) is
defective (Figs. 2D–F). In the more severe phenotypic class
(class II) embryos, the first and second thoracic segments (T1
and T2) fuse and a single pair of legs larger than the normal T1
or T2 leg is formed on the fused segments (Figs. 2G–I). InTable 1
Effect of parental RNAi for Gryllus Krüppel
Total (n) Class I Clas
Gb'Kr pRNAi 227 47 (20.5) a 73 (3
DsRed2 pRNAi b 101 0 (0) 0 (0
a Number of embryos of given phenotypic class with percentages in parentheses.
b DsRed2 dsRNAwas used for negative control experiments.addition, the abdomen of the class II embryos lacks even more
segments than the class III embryos. The most severe
phenotypic class (class I) embryos show a deletion of a large
portion of their central region (Figs. 2J–L). A single pair of
defective leg primordia, which results from the fusion of the T1
and T2 segments, is observed in the class I embryos (arrow in
Fig. 2J). The anterior head structures, i.e. antenna and labrum,
and the gnathal segments, i.e. mandibular, maxillary, and labial
segments, are formed normally even in the most severe case (for
formation of gnathal segments, see Fig. 3). Abdominal
segmentation is frequently disturbed in the RNAi embryos
(arrowhead in Fig. 2I). The hindgut is formed normally in the
RNAi embryos, as shown by the expression of Gryllus
hedgehog (Gb'hh) (Inoue et al., 2002) (Figs. 2C, F, I, L). The
cercus is also normal in the RNAi embryos of all the phenotypic
classes.
Effect of Gb'Kr RNAi on thoracic patterning
We extended our analysis of Gb'Kr RNAi embryos to
examine the effects on the leg and anterior segments more
precisely. In wild-type embryos, Gryllus Distal-less (Gb'Dll) is
strongly expressed in the distal region of a developings II Class III Wild type Nonspecific
2.2) 46 (20.4) 51 (22.5) 10 (4.4)
) 0 (0) 97 (96.0) 4 (4.0)
Fig. 2. Gb'Kr RNAi phenotype. (A, B) Wild-type embryo immediately before hatching. (A) Lateral view. (B) Dorsal view. (C) Wild-type embryo stained for Gb'hh.
Mn, mandibular segment; Mx, maxillary segment; Lb, labial segment; T1–3, first to third thoracic segments; A1/10, first and tenth abdominal segment; hg, hindgut; c,
cercus. (D, E) Class III embryo. (D) Lateral view. (E) Dorsal view. (F) Putative class III embryo stained for Gb'hh. In class III embryos, the T3 legs are highly reduced
(arrows in panels D, F). (G, H) Class II embryo. (G) Lateral view. (H) Dorsal view. (I) Putative class II embryo stained for Gb'hh. In class II embryos, the T1 and T2
segments are fused, generating a single pair of large legs (G, I). Segmentation disturbance in abdominal region was frequently observed (arrowhead in panel I). (J, K)
Class I embryo. This class of embryos represents the most severe phenotype. (L) Putative class I embryo stained for Gb'hh. In every phenotypic class, the hindgut and
cerci appeared normal. In the embryo shown in panel L, the right cercus was normal but folded artifactually. Scale bars: 400 μm in panels A, B, D, E, G, H, J, and K;
200 μm in panels C, F, I, and L.
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RNAi embryos, the Gb'Dll expression in T3 and A1 is absent
while expression in the defective leg bud of T1 and T2 fusionFig. 3. Effect of Gb'Kr RNAi on thoracic patterning in germband. (A–D) Expressio
embryo in right most column represents most severe phenotype. (E–H) Expressio
Expression patterns ofGb'wg in wild-type (I) andGb'Kr RNAi embryos (J–L). Lb, lab
Scale bar: 200 μm.remains (Figs. 3B, C). In more severe case, the Gb'Dll
expression in the T1 and T2 regions is also absent (Fig. 3D).
The Gb'Dll expression in the maxillary and labial segments isn patterns of Gb'Dll in wild-type (A) and Gb'Kr RNAi embryos (B–D). RNAi
n patterns of Gb'hh in wild-type (E) and Gb'Kr RNAi embryos (F–H). (I–L)
ial segment; T1–3, first to third thoracic segments; A1, first abdominal segment.
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examine the segment patterning, we observed the expression
patterns of the segment marker genes, Gb'hh and Gb'wg, in the
germband stages of Gb'Kr RNAi embryos. The alteration of the
Gb'hh expression pattern in Gb'Kr RNAi germbands indicates
that the T1 segment fuses with the T2 segment, associated with
fusion of the T1 and T2 leg buds (Figs. 3F, G). In the most severe
case, no segment is observed in the thoracic region, while the
gnathal segments are patterned normally (Fig. 3H). Furthermore,
in situ detection of Gb'wg in an earlier stage of the germband
shows that the T1 and T2 stripes of Gb'wg and the T3 and A1
stripes are fused in mildly affected embryos (Figs. 3J, K). Since
each Gb'wg stripe corresponds to a parasegment border
(Miyawaki et al., 2004), such a defect in the Gb'wg stripe
pattern indicates that the parasegmental units between T1 and T2
and between T3 and A1 are deleted. Thus, the segmentation
defect in the thoracic region has two-segment periodicity, that is,
it is pair-rule-like, seeming to imply thatGb'Kr controls thoracic
segmentation through regulation of pair-rule gene(s). In the most
severe case, all of the thoracic stripes are eliminated (Fig. 3L). In
situ analyses of the most severe case indicated that the deleted
region spans the posterior of T1 through A7 segments.
Analysis of Hox gene expression in Gb'Kr RNAi embryos
To investigate how Gb'Kr RNAi depletion affects segment
identity, we analyzed expression patterns of Hox genes in Gb'KrFig. 4. Expression patterns of Hox genes in Gb'Kr RNAi embryos. (A, B) Express
Expression patterns of Gb'Scr in wild-type (C) and Gb'Kr RNAi embryo (D). T1-spec
Expression patterns of Gb'Ubx in wild-type (E) and Gb'Kr RNAi embryo (F). (G, H)
Mn, mandibular segment; Mx, maxillary segment; Lb, labial segment; T1–3, first to th
A–F, 200 μm in panels G and H.RNAi embryos. Gryllus Deformed (Gb'Dfd) is expressed in the
mandibular and maxillary segments and appendages of wild-type
embryos (Fig. 4A). We found that Gb'Kr RNAi does not affect
Gb'Dfd expression (Fig. 4B). This is in contrast to the case of
Oncopeltus Kr RNAi embryos, in which Dfd is ectopically
expressed in the first thoracic segment (Liu and Kaufman, 2004).
Gryllus Sex combs reduced (Gb'Scr) is expressed strongly in the
labium and the mesoderm of the T1 limb bud in wild-type
embryos (Fig. 4C) (Zhang et al., 2005). InGb'Kr RNAi embryos,
Gb'Scr expression in the labial segment is not affected, and the
characteristic mesoderm expression of T1 (arrowheads in Figs.
4C, D) is observed in the anterior region of the large limb bud
following the labium, consistent with the fusion of the T1 and T2
segments (Fig. 4D). Gryllus Ultrabithorax (Gb'Ubx) is strongly
expressed in T3 and A1, and expressed in a spotty pattern in the
abdominal region, in wild-type embryos (Fig. 4E) (Zhang et al.,
2005). InGb'Kr RNAi embryos, the strong expression ofGb'Ubx
in the T3 and A1 disappears while the abdominal spotty pattern is
seen in the putative T3/A1 and more posterior regions (Fig. 4F).
Such alteration in theGb'Ubx expression pattern indicates that the
T3 and A1 identities are suppressed by Gb'Kr RNAi depletion,
consistent with the observations of fusion and deletion of the T3
and A1 regions in Gb'Kr RNAi embryos. Gryllus abdominal-A
(Gb'abd-A) is expressed in the posterior A1 to A10 in wild-type
embryos (Fig. 4G) (Zhang et al., 2005). InGb'Kr RNAi embryos,
the anterior boundary of Gb'abd-A expression is located in the
limb bud posterior to the T1/T2 fused segment, indicating that thision patterns of Gb'Dfd in wild-type (A) and Gb'Kr RNAi embryo (B). (C, D)
ific mesodermal expression is indicated by arrowheads in panels C and D. (E, F)
Expression patterns of Gb'abd-A in wild-type (G) and Gb'Kr RNAi embryo (H).
ird thoracic segments; A1, first abdominal segment. Scale bars: 200 μm in panels
476 T. Mito et al. / Developmental Biology 294 (2006) 471–481limb bud results from the fusion of the T3 and abdominal
segments (Fig. 4H).
Regulatory interactions between Gb'Kr and Gb'cad or Gb'hb
In Gryllus, caudal (Gb'cad) regulates the Gb'hb and
Gb'Kr genes directly or indirectly to control the gnathal and
thoracic patterning, presumably fulfilling the function of bcd
in Drosophila (Shinmyo et al., 2005). Thus, the level of gap
gene regulation in segmentation cascade in Gryllus differs
from that in Drosophila. Using in situ hybridization analysis
of RNAi embryos, we further investigated the regulatory
relationships among Gb'Kr, Gb'cad, and Gb'hb. We
previously showed that, in Gb'cad RNAi embryos, the
central domain of Gb'Kr expression is eliminated or shifted
to a more posterior region with or without a dramatic
reduction in the expression levels (compare Fig. 5A with B,
C) (Shinmyo et al., 2005). Gb'cad is expressed in the
prospective abdominal region, the growth zone, in wild-type
embryos during early germband stages (Fig. 5D) (Shinmyo
et al., 2005). We found that Gb'Kr RNAi does not affect
Gb'cad expression (100%, N = 10) (Fig. 5E), consistent
with that Gb'cad is upstream of Gb'Kr. Looking at the
regulatory relationship between Gb'Kr and Gb'hb, the Gb'Kr
gap domain in the prospective thoracic region is severely
reduced in the Gb'hb RNAi embryos (100%, N = 19)
(compare Fig. 5F and G) (Mito et al., 2005), indicating that
Gb'hb activates Gb'Kr expression. On the other hand, in the
Gb'Kr RNAi embryos, the expression domain of Gb'hb in
the prospective gnathal region expands posteriorly towardFig. 5. Analysis of regulatory interactions betweenGb'Kr andGb'cad orGb'hb in earl
and Gb'cad RNAi embryos (B, C) (Shinmyo et al., 2005). (D, E) Expression patter
patterns of Gb'Kr in wild-type (F) and Gb'hb RNAi embryo (G). (H, I) Expression pathe prospective thoracic region (80%, N = 10) (compare Fig.
5H and I). This indicates that Gb'Kr represses directly or
indirectly Gb'hb in the thoracic region.
Gb'Kr regulates expression of Gb'eve in thoracic and
abdominal segmentation
We examined the effects of RNAi for Gb'Kr on the
expression patterns of the ortholog of the Drosophila pair-rule
gene even-skipped (Fig. 6). In wild-type embryos at 38–40
hAEL, Gryllus even-skipped (Gb'eve) is expressed as five
clearly resolved stripes in the gnathal and thoracic regions,
and an additional stripe or two are resolved from the broad
expression domain in the posterior growth zone (Fig. 6A).
The five anterior Gb'eve stripes (stripes 1–5 in Fig. 6A) are
formed through the following process (details will be
published elsewhere). In very early embryos (30 hAEL),
Gb'eve is expressed in three broad domains. The three
domains are then refined to form a single narrow stripe (stripe
1) at the border between protocephalon and protocorm and
two broad stripes in a more posterior region. The two broad
stripes correspond to alternate parasegments, namely, they are
of pair-rule. Those primary pair-rule stripes further resolve
into two segmental stripes (stripes 2 and 3; 4 and 5,
respectively). The mode of formation of stripes 2 to 5 implies
existence of pair-rule regulation in anterior segment pattern-
ing. During the later stages, additional Gb'eve stripes appear
in sequence from the posterior growth zone, while old stripes
disappear successively in an anterior to posterior direction
(Figs. 6B, C). In 56% of the Gb'Kr RNAi embryos at 38–40y embryos at 38–40 hAEL. (A–C) Expression patterns ofGb'Kr in wild-type (A)
ns of Gb'cad in wild-type (D) and Gb'Kr RNAi embryo (E). (F, G) Expression
tterns of Gb'hb in wild-type (H) and Gb'Kr RNAi embryo (I). Scale bar: 200 μm.
Fig. 6. Alteration ofGb'eve expression patterns inGb'KrRNAi embryos. (A–C)Wild-type embryos stained forGb'eve at 38–40 (A), 41–42 (B), and 48–50 (C) hAEL.
In Gb'Kr RNAi embryos at 40 hAEL, Gb'eve stripes 4 and 5 were eliminated (D) or disturbed (E). (F–I) Gb'eve expression patterns in Gb'Kr RNAi embryos at 47–50
hAEL. (H) Embryo double stained for Gb'eve (blue) and Gb'wg (brown). Gb'wg stripes indicate fusion of T1 and T2 segments and fusion of T3 and A1 segments (see
Fig. 3). Gb'eve expression for posterior region of Gb'Kr RNAi embryos is expressed in a broad pattern without stripes (F), in two stripes (arrowheads in panels G and
H), or in several condensed stripes (I). Scale bar: 200 μm.
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(compare Fig. 6A and D). In the posterior region of those
embryos, strong expression of Gb'eve is detected, but Gb'eve
stripe 6 is not observed (Fig. 6D). In 28% of the RNAi
embryos, Gb'eve stripes 4 and 5 were disturbed (Fig. 6E).
During later stages, Gb'Kr RNAi results in a reduction in the
number of the abdominal segmental stripes of Gb'eve in
comparison with the control wild-type embryos at the same
hour after egg laying (compare Figs. 6F–I with C), consistent
with the reduction in the number of abdominal segments in
more developed RNAi embryos. In Gb'Kr RNAi embryos at
47–50 hAEL, Gb'eve is expressed as a broad domain without
stripes in the posterior region (23%, N = 31) (Fig. 6F), in two
stripes (32%) (Figs. 6G, H), or in several stripes as a
condensed pattern probably as a result of a milder depletion
of Gb'Kr (29%) (Fig. 6I). The overall shape of the embryo
does not differ significantly between the former two groups of
RNAi embryos. Because in wild-type embryos, Gb'eve
expression patterns in the posterior region changes dynami-
cally, the difference in Gb'eve expression between the two
group of RNAi embryos may merely reflect subtle differences
in the developmental stages. In the case of two stripes, the
anterior stripe is positioned at the T3 and A1-fused stripe of
Gb'wg (Fig. 6H). The effects of Gb'Kr RNAi on Gb'eve
expression during the early and late stages of development
indicate that Gb'Kr regulates Gb'eve expression directly or
indirectly in both the prospective thoracic and abdominal
regions. In the RNAi embryos at 47–50 hAEL (Figs. 6F–I),
the posterior region is shorter and wider than in the wild type.
Thus, the alteration of Gb'eve abdominal expression can be at
least partially due to defects in development of the posterior
growth zone.Discussion
Our expression and functional analyses of the Gryllus
ortholog of the gap gene Krüppel revealed that Gb'Kr is
required for segmentation in thoracic and abdominal regions
through regulation ofGb'hb andGb'eve expression, at least. The
deletion of contiguous segments in Gb'Kr RNAi depletion
suggests that Gb'Kr functions as a gap gene. Our results also
suggest that regulation of Hox genes by Kr varies in insects. The
role of Gb'Kr during embryogenesis and the regulatory
interaction between Kr and other segmentation genes in Gryllus
are discussed below from an evolutionary viewpoint.
Position of Kr gap expression domain varies among insects
Gb'Kr is expressed in the posterior one-third of the germ
anlage in the blastoderm stage and in the thoracic segments as a
gap pattern later. This expression pattern is fundamentally
similar to that in the short/intermediate germ insects Tribolium
and Oncopeltus (Sommer and Tautz, 1993; Liu and Kaufman,
2004). However, the precise position of the Kr gap expression
domain in an embryo varies among these insects. The Gb'Kr
expression domain in a gap pattern corresponds to the posterior
labial through the anterior T3 segments. The anterior and
posterior boundaries of the Gb'Kr gap domain are slightly
shifted anteriorly relative to those in Tribolium and Oncopeltus
(see Fig. 7A). In theDrosophila blastoderm, Kr is expressed in a
gap pattern from the T2 through A3 segments (Knipple et al.,
1985; Hülskamp and Tautz, 1991). Thus, the Drosophila Kr gap
domain is further shifted posteriorly. These comparisons imply
that the upstream regulation of Kr expression in a gap pattern
may have been changed during insect evolution. Especially, it
Fig. 7. Comparison of Kr expression and phenotype inGryllus,Oncopeltus, Tribolium, andDrosophila. (A) Gap expression domain of Kr in each species is shown as a
light blue bar. (B) Deleted regions in weak phenotypes of Kr inGryllus,Oncopeltus, andDrosophila are shown in red bars. (C) Deleted regions in strong phenotypes of
Kr in all four species are shown as red bars, and regions of ectopic expression of Hox genes are shown as dark blue bars.
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posteriorly extending abdominal segments in the lineage
leading to Drosophila, possibly associated with the evolution-
ary transition from short/intermediate to long germ
embryogenesis.
Kr function in segment patterning shows conserved and
divergent aspects
We have shown thatGb'Kr is required for segment patterning
in the thoracic and abdominal regions. Our analysis of a
hypomorphic series of Gb'Kr RNAi revealed that the weak
Gb'Kr phenotype includes a pair-rule-like defect that is the
fusion of the T1 and T2 segments and of the T3 and A1
segments (Fig. 7B). This differs from the case of Oncopeltus Kr
RNAi, which results in fusion of the T2 and T3 segments as a
weak phenotype (Liu and Kaufman, 2004). In the Gryllus
phenotype, the pair-rule-like defect corresponds to the phase of
Gb'eve pair-rule expression: the Gb'eve stripes 4 and 5 (Fig. 6A)
correspond to the T1 and T2 segments, respectively, and stripes
6 and 7 (Fig. 6A) to the T3 and A1 segments. Stripes 4 and 5
derive from a single pair-rule stripe, while stripes 6 and 7 appear
rather in a segmental manner but still retain two-segment
periodicity (details will be published elsewhere). Since these
Gb'eve stripes are affected in Gb'Kr RNAi embryos, the pair-
rule-like defect seems to reflect regulation of Gb'eve expression
by Gb'Kr. Thus, the difference in the pair-rule defect in Kr
RNAi depletion apparently implies that the mode of regulation
of the pair-rule gene (s) by Kr differs between these insects.
Strong RNAi depletion of Gb'Kr results in deletion of the
posterior T1 through A7 segments, yielding a canonical gap
phenotype (Fig. 7C). This suggests that Gb'Kr acts as a gap
gene, in spite of the fact that the gap domain of Gb'Kr
expression is established in a cellularized embryo. This differsfrom the situation in Drosophila, where Kr acts as a canonical
gap gene in a syncytial environment and is involved in the
formation of the T1 through A5 segments (Gloor, 1950;
Wieschaus et al., 1984). The situation of Kr action in Gryllus is
more similar to that in the intermediate germ insect Oncopeltus,
where Kr was reported to act as a canonical gap gene in a
cellularized environment, forming the T2 through A4 segments
(Liu and Kaufman, 2004). Although Tribolium Kr is also
expressed in a gap pattern in a cellularized embryo (Sommer
and Tautz, 1993), it does not appear to be a canonical gap gene.
In the jaws, mutation, which is probably a lesion of the Kr
homolog in Tribolium, represents a segmentation defect, which
is considerably different from that in Gryllus, Oncopeltus, and
Drosophila (Bucher et al., 2002). The jaws mutation does not
display segment deletion in the thoracic region but shows a
homeotic transformation, in which thoracic and anterior
abdominal segments are transformed into alternating pairs of
maxillary and labial segments (Sulston and Anderson, 1996). In
addition to the difference in thoracic patterning, the function of
Tribolium Kr for abdominal patterning apparently differs from
the other three species because the jaw phenotype includes
deletion of the most posterior abdomen, which is not included in
Kr deletion phenotypes of other species.
A notable common aspect of Kr function in the short/
intermediate germ species, Gryllus, Oncopeltus, and Tribolium,
is that the Kr deletion phenotype in these three species includes
abdominal segments, where Kr is not expressed. This implies
that Kr acts in a non-autonomous fashion in these species,
though the mechanism for that is unknown (see later
discussion).
Thus, a comparison of Kr function in segmentation among
Gryllus and other derived species suggests that an ancestral state
for Kr function in neopteran insects is involvement in central
segmentation as a gap gene which regulates thoracic segments
Fig. 8. Models for regulatory networks of Kr and other segmentation genes of
Drosophila and Gryllus. Relationship between genes does not necessarily show
direct regulation. (A) In Gryllus, Gb'Kr is activated by Gb'cad and Gb'hb. It
remains unclear whetherGb'cad activatesGb'Kr independently ofGb'hb or only
through Gb'hb function. Gb'Kr represses Gb'hb expression in thoracic region.
Gb'Kr is required for Gb'eve thoracic stripes corresponding to T1 and T2. Gb'Kr
is also involved in segmentation in posterior region, possibly via expression of
other gap genes. (B) In Drosophila, Kr is activated by bcd and hb. Hb activates
Kr at low levels and represses it at high levels (asterisk). Kr acts as a repressor of
hb and eve in thoracic region. See discussion for further details.
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mously. The Gb'Kr function appears to represent this ancestral
state. The ancestral function may have largely modified for both
thoracic and abdominal patterning at least in the lineage leading
to Tribolium and evolved to suit to the syncytial environment in
the lineage leading to Drosophila.
Regulatory relationships between Hox genes and Kr vary
among insects
Homeotic function of Kr apparently varies in insects (Fig. 7C).
Our analyses of Gb'Kr RNAi embryos indicated that Gb'Kr RNAi
depletion does not result in ectopic expression of the Hox genes,
Gb'Dfd,Gb'Scr,Gb'Ubx, andGb'abd-A. In contrast, inOncopeltus
KrRNAi depletion,Dfd and abd-A are expressed ectopically in the
gnathal and/or thoracic regions, suggesting that Oncopeltus Kr
represses these genes in the central portion of the embryo (Liu and
Kaufman, 2004). In addition, in the Tribolium Kr mutation (jaws),
proboscipedia (pb) is ectopically expressed in the thorax (Sulston
and Anderson, 1998), whereas ectopic expression of pb was not
detected in Oncopeltus Kr RNAi depletion (Liu and Kaufman,
2004). Thus, regulatory relationships between the Hox genes and
Kr seem to have changed independently in various lineages during
insect evolution.
Gb'Kr has a long-range effect of on abdominal segmentation
Although Gb'Kr RNAi results in deletion of part of the
abdomen, the Gb'Kr expression domain of a gap pattern does
not cover the prospective abdominal region. Thus, there seems
to be a spatial discrepancy between the Gb'Kr expression
domain and its RNAi phenotype.
In Gb'Kr RNAi embryos at 47–50 hAEL, the prospective
abdominal region is remarkably shorter than that of wild-
type embryos (Fig. 6), whereas Gb'Kr is not expressed in
the prospective abdominal region of wild-type embryos at
38–46 hAEL (Figs. 1C–E). However, we found that, in
earlier stages, Gb'Kr is expressed in the posterior region,
generating a slight gradient of its transcripts from anterior to
posterior (Figs. 1A, B). Such expression of Gb'Kr may be
required for proper formation of abdominal segments,
possibly in concentration-dependent manner of its transcript.
It seems unlikely, however, that Gb'Kr directly regulates
pair-rule genes in abdominal patterning because appearance
of Gb'eve stripes in abdominal region is much later than the
period of the early posterior expression of Gb'Kr (Figs. 6A–
C). It is more likely that Gb'Kr expression in the very early
stages is required for proper formation of the posterior
growth zone, indirectly affecting abdominal segment forma-
tion. It is also possible that there exists some signaling
mechanism through which the thorax can communicate with
the developing abdomen. If this is the case, one must
hypothesize that the signal diminishes prior to reaching the
terminal abdominal segments, which form even in the most
severe phenotypic class of Gb'Kr RNAi embryos. Alterna-
tively, Gb'Kr might be involved in the process in which
some mechanisms of a long-range effect, such as chain ofinduction or starting oscillator machinery, operate to pattern
abdominal segments sequentially (Meinhardt, 1982; Bucher
and Klingler, 2004). Since Gb'Kr is expressed in a
segmentally reiterated pattern in the abdominal mesoderm
with an anterior to posterior progression, there is possibility
that Gb'Kr controls abdominal segment formation through
this expression. However, this seems unlikely because
formation of Gb'wg segmental stripe precedes the Gb'Kr
mesoderm expression in each abdominal segment (Miyawaki
et al., 2004). To clarify which is the case, we need data
about direct downstream targets of Gb'Kr.
Evolution of regulatory networks involving Kr
We propose the model shown in Fig. 8A for the regulatory
network among Kr and other segmentation genes in Gryllus. It
has been previously suggested that Gb'Cad organizes the
gnathal and thoracic patterning in a concentration-dependent
manner by regulating the expression of Gb'hb and Gb'Kr
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known to organize patterning of the anterior region (Fig. 8B), it
is likely that a major event in the evolutionary transition from
intermediate to long germ embryogenesis was a switch from a
cad-organizing system to a bcd-organizing one in the gnathal
and thoracic patterning (Shinmyo et al., 2005). In the posterior
region, Gb'Wg/Armadillo (Arm) signaling is required for
formation of abdominal segments through positive regulation
of Gb'cad expression, and Gb'cad controls growth of the
posterior region, probably through expression of Gb'eve in the
posterior growth zone (Miyawaki et al., 2004; Shinmyo et al.,
2005). In the present study, we found that Gb'Kr represses
Gb'hb in the thoracic region while Gb'hb activates Gb'Kr, as in
Drosophila, though it is unclear that these regulations are direct
or indirect in Gryllus. On the regulatory hierarchy among
Gb'cad, Gb'hb, and Gb'Kr, there are two possibilities. One is
that Gb'Kr is activated by both Gb'cad and Gb'hb, separately,
and the other is that the activation of Gb'Kr by Gb'cad occurs as
an indirect result of Gb'hb function, namely that Gb'cad
activates Gb'hb, Gb'hb in turn activating Gb'Kr. Furthermore,
we found that Gb'Kr regulates expression of Gb'eve stripes in
the thoracic region. The 4 and 5 Gb'eve segmental stripes were
clearly eliminated in Gb'Kr RNAi, suggesting activation of
these stripes by Gb'Kr. Since Kr is known to act generally as a
transcriptional repressor in the segment patterning process of
Drosophila, it is possible that Gb'Kr is involved in the
formation of those stripes through repressing a negative
regulator of Gb'eve in the thoracic region. Gb'Kr is also
involved in posterior patterning possibly through indirect
regulation of the posterior Gb'eve expression.
In Drosophila, maternal Bcd activates gap genes hb and Kr
in the anterior embryo (Driever and Nüsslein-Volhard, 1989;
Hülskamp et al., 1990; Hoch et al., 1991) (Fig. 8B), while Cad
activates gap genes knirps and giant in the posterior embryo
(Schulz and Tautz, 1995; Rivera-Pomar et al., 1995). The
prolonged syncytial stage in Drosophila embryogenesis allows
the transcription factors to diffuse freely between the adjacent
nuclei and exert their functions by forming diffusion-controlled
gradients. A morphogenetic gradient of the Hb protein
organizes the expression of the other gap genes, Kr and knirps
(kni) (Hülskamp et al., 1990). Hb acts as an activator of Kr and a
repressor of kni at low levels, while high levels of Hb repress the
Kr expression (Hülskamp et al., 1990). Kr represses hb,
determining the posterior boundary of hb anterior gap domain.
These gap genes define the expression domains of pair-rule
genes, such as eve, to generate their periodic expression
patterns.
Comparison of the Gryllus regulatory networks with the
Drosophila ones suggests that the evolutionary transition
from intermediate to long germ embryogenesis is accompa-
nied by dynamic changes in the regulatory interactions
among Kr and other segmentation genes. However, most of
the components of the regulatory networks are common
between Gryllus and Drosophila, and cross-regulatory
interactions between hb and Kr are shared in intermediate
and long germ insects. Therefore, the Drosophila networks
apparently evolved from Gryllus-like ancestral networks byadding bcd as a new component and by modifying the
regulatory interactions among the network component genes.
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